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ABSTRACT: The DEPleted Field Effect Transistor (DEPFET) is a concept for a fully depleted
detector with in pixel amplification proposed in 1987 [1].
The low input capacitance, which allows low noise operation, and the large sensitive volume
make the DEPFET attractive for position resolved spectroscopic applications as well as vertexing
in high energy physics.
The signal is determined by the internal amplification, the so called gq, of the DEPFET. The
main parameters which affect the gq are on the one hand the geometry of the FET and on the other
hand the biasing conditions under which the detector is operated. This paper will focus on the
dependence on these parameters and shows that a gq of more than 1nA/e− is within reach of the
current technology.
The DEPFET intrinsic noise contribution was directly measured with a fast amplifier, showing
that the inherent noise of the DEPFET is around 50e− at a bandwidth of 50 MHz.
Due to the low noise and a thinning technology compatible with the DEPFET technology it
is possible to build thin detectors down to 50 micron thickness, with a SNR which still allows the
detection of particles with high efficiency.
Another important property is the radiation hardness of the device. As every MOS device
the DEPFET is susceptible to damage due to ionizing radiation. The radiation hardness has been
studied up to 8MRad; an overview of the results will be given here.
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1 Introduction
Figure 1. Sketch of a DEPFET pixel.
DEPFET is an acronym for Depleted Field Effect
Transistor. The DEPFET allowes to integrate the
first amplification stage into the pixel combined
with a fully depleted operation. A sketch of a
DEPFET pixel is shown in figure 1. Charge gen-
erated by radiation - traversing particles, x-ray pho-
tons or light is collected in a potential minimum un-
der the gate. This minimum is created by means
of sidewards depletion [2] and an additional n-type
doping creating a positive space charge. The de-
scribed potential minimum is called ”Internal gate”
in the following. The channel is contacted with two
p implantations which serve as source and drain.
The charge collection is active even if the external FET is switched off. This allows to build
detectors with exceptionally low power consumption. If the FET is switched on electrons located in
the internal gate are creating additional charge carriers in the channel thus leading to a modulation
of the current. The signal current is derived by two consecutive current samples taken in full and
empty state of the internal gate.
To remove the charge form the internal gate a n+ contact is placed on both edges of the gate.
This clear contact separated by an additional MOS structure, the clear gate. By applying a positive
voltage to the clear the charge in the internal gate is removed. It was demonstrated that a full clear
is possible within 10ns and a voltage swing of around 10V [3].
Since the detector is fully depleted a maximum signal could be achieved for a given thick-
ness. This allows to reduce the thickness of the detector while still reaching a high signal to noise
ratio. This makes the DEPFET interesting for various applications in high energy physics where
demanding material budgets are required to reduce the multiple scattering.
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Table 1. Comparison ILC and Super Belle.






Material budget [%X0] 0.1 0.15






Radiation level [MRad/a] 0.05 ≈ 1-5
2 Applications of DEPFET in vertexing
The DEPFET is regarded as possible candidate for two applications in high energy physics namely
as vertex detector at ILC [4] and as upgrade for the B factory at KEK in Japan. Common to both
applications is requirement to reduce the material budget significantly. It seems possible to reduce
the material of a layer to 0.1%X0 by utilising a thinning technology compatible with the DEPFET
technology [5].
The requirements with respect to the speed and resolution however are quite different. Table 1
shows a comparison of both detectors.
The detectors at the ILC should have excellent impact parameter resolution in a wide momen-
tum range from a few hundred MeV/c to several tens of GeV/c. This requires high granularity as
well as very thin detectors.
In the Super Belle experiment however the momenta of the tracks are at maximum a few
GeV/c. Under these circumstances multiple scattering will play a dominant role for the IP resolu-
tion thus high granularity is not required which is reflected in the large pixel sizes.
The luminosity goal of 8×1035cm−2s−1 in the final stage increases the expected doses sig-
nificantly compared to ILC. Ionizing doses in the multi MRad range are expected for the vertex
detector at Super Belle.
3 DEPFET properties
This section will focus on DEPFET intrinsic properties - the noise and internal amplification as well
as the radiation hardness. Details about ASIC and system development, testbeams and analysis
could be found in [6] and [7].
3.1 Internal amplification
The internal amplification measures the current increase when a charge is present in the internal
gate, its definition is given in formula (3.2). Assuming an external noise source with an equivalent
input current noise of σI the contribution to the ENC is σI/gq [e−]. This means that SNR can be
improved by increasing the internal amplification.
A simple model for the gq could be derived by the assumption that all of the electrons in the
internal gate induce a hole in the channel. This allows to define an equivalent change of the gate
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Figure 2. gq of DEPFET structures.


















where W and L are the width and length of the gate and Qint the charge collected in the internal gate.
The formula shows that the gq could be improved by increasing the drain Ids current, decreasing
the width or more effectively by decreasing the length of the gate.
Figure 2 shows the internal amplification for various DEPFET structures with varying gate
length L versus the drain current. The gq of standard matrices which have a gate length of 6µm
lies typically around 380pA/e−. By decreasing the gate length significant improvements in SNR
could be achieved since a gain of 1nA/e− is possible with the current technology and the frontend
is the dominating source of noise.
3.2 Intrinsic noise
Besides the internal amplification the DEPFET intrinsic noise is an important quantity since it
limits the maximal achievable SNR. The speed requirements in vertexing make it necessary to
have a analog bandwidth of around 50MHz to obtain the required settling times.
Noise measurements at this bandwidth were performed utilising a fast low noise amplifier with
a variable bandwidth. The setup is shown in figure 33(a). The device under test is placed on the
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(a) Setup with a fast amplifier
(b) Intrinsic noise
Figure 3. Setup and results of noise measurements.
left side followed by a fast transimpedance amplifier and a second voltage amplifying stage. The
bandwidth limitation was achieved with a low pass filter followed by an ADC where the correlated
double sampling was performed digitally.
The results of a measurement are presented in figure 3(b) showing that at a bandwidth of
50MHz the ENC is as low as 50e−. Assuming a thin sensor with 50µm which achieves a signal of
4000e− the maximal intrinsic SNR could be as good as 80.
3.3 Radiation hardness
The DEPFET as MOS device is susceptible to radiation damage due to ionizing radiation. The
effects on the MOSFET are a shift of the threshold voltage caused by an buildup of positive space
charge in the the oxide, an increase of the number of interface states causing higher low frequency
(1/f) noise and an increase of surface generated leakage current.
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(a) Threshold shift and dispersion on the gate (b) Effect of room temperature annealing
Figure 4. Threshold voltage shift and RT annealing.
For ILC an extensive irradiation program has performed showing that after 5 years operation
the increase of low frequency noise and both surface and bulk generated leakage currents are not
affecting the performance of a DEFPET detector significantly. The observed threshold shifts were
significantly smaller than expected for a 200nm gate dielectric [4]. Thus the DEPFET is expected
to withstand the expected radiation levels at ILC.
The following paragraphs show first results of irradiations extending the dose into the multi
MRad regime as required for Super Belle, see table 1.
Setup. The device under test was fully biased during irradiation. Moreover the applied voltages
on the gate and the clear gate where adjusted by the measured threshold voltage shift after each
measurement step. This means that the operating conditions are very close to the real conditions in
an experiment.
Threshold voltage shift. Figure 4(a) shows the observed threshold voltage of the DEPFET gate
as function of the dose. The applied gate off value is shown as solid line. After each irradiation
step the bias was adjusted according to the measured threshold voltage shift. For this measurement
a set of up to 16 transistors has been evaluated. This also allows to evaluate the dispersion between
identical transistors. The error bars indicate the difference between the minimal and maximal value
of the observed thresholds voltage shift.
This measurement revealed two new features: the overall threshold shift is increased by 10V
compared to a measurement where the bias was not fully adjusted during the irradiation, thus the
increase could be attributed to the adaptive parameter adjustment. Moreover the dispersion of the
thresholds linearly increases with the dose up to 2.8V. The first could be understood by a field
dependence of the threshold voltage shift, while the latter still needs further investigations.
Since the dose rate was as high as 185 kRad/h one could expect a significant annealing at room
temperature. In an experiment this annealing would already occur while running thus reducing the
finally observed threshold voltage shift. The temperature at SuperBelle is expected to be close to
room temperature, since cooling is only possible with a gas stream above the dew point. The graph
in figure 4(b) shows the effect of annealing at room temperature, the range of the thresholds is also
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Figure 5. Current spread before / after RT annealing.
encoded in the error bars. After 240h the shift is reduced by 10V and the dispersion went down to
0.8V, a significant improvement.
Important for the performance of the device is however the spread of the current which de-
termines the gq. The plot in figure 5 shows the characteristics of a set of pixels directly after the
irradiation and after 240h room temperature annealing. The spread in current is around ±20% after
annealing. Taking into account the dependence of the internal amplificition on the current (figure 2,
please note the logarithmic scale) this spread leads to a spread of ±4% in gain which is acceptable.
Nevertheless technological development for decreasing the threshold voltage shift by improv-
ing the gate dielectrics are ongoing.
Spectroscopic performance. The spectroscopic performance was measured using a RC-CR
shaping amplifier. The spectra in figure 6 showing a Fe55 spectrum before and after 8MRad ra-
diation. The DEPFET is operational after the irradiation and still has an excellent spectroscopic
performance. The source of the increase in noise could be attributed to increase in 1/f noise. The
leakage current after the measurement has been evaluated to 40fA per pixel.
4 Summary
The presented measurements show that the DEPFET detector concept has a strong potential in
vertexing for an e+e− collider. It is able to fulfill the demanding requirements with respect to the
material budget while preserving an excellent SNR of up to 40 allowing a frontend contribution
of 100e−. The irradiations show that the DEPFET is still operational after 8MRad, the observed
dispersion in the threshold voltage is acceptable after room temperature annealing. Nevertheless
there are activities ongoing which aim for a significant reduction of the threshold voltage shift by
improving the gate dielectrics.
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(a) Fe55 spectrum after irradiation (b) Fe55 spectrum before irradiation
Figure 6. Spectroscopic performance.
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